A grono my J our n al • Volu me 10 0 , I s sue 2 • 2 0 0 8 231 ABSTRACT Soybean [Glycine max (L.) Merr.] breeders and physiologists are commonly interested in evaluating single plants for seed protein and oil concentration. Moreover, breeders tend to prefer nondestructive techniques so that soybean seed may be retained for variety development. Near infrared spectroscopy (NIRS) technology can be an inexpensive and convenient method for nondestructive analysis of seed; however, many instruments require a 300 to 500-g sample size to operate. Recently, Perten Instruments, Inc. developed a 20 g "breeder's" cup for use with their DA 7200 diode array NIRS instrument. Th is study was initiated to explore the accuracy and repeatability of this very small cup relative to the standard 300 g cup. While no signifi cant protein bias was discovered, a positive 4 g kg -1 bias for oil prediction was found. Seven to eight repeated scans of the breeder's cup were required to increase cup precision compared to a single scan using the standard large cup, potentially due to the large amount of protein and oil heterogeneity within examined seed lots. While the precision of the protein and oil estimation of both cup sizes increased with repeated scans, the low precision noted with the breeder's cup virtually mandates multiple scans or destructive sampling through grinding.
A nalysis of soybean seed for protein and oil concentration is fundamental to most soybean breeding and physiology research projects. Instrumentation has been developed to allow researchers to estimate protein and oil in soybean by nondestructive methods on ever decreasing quantities of seed. For instance, a Perten DA 7200 diode array near-infrared spectrophotometer is capable of estimating many quality traits of grains for sample sizes as small as 20 g. Th is allows for rapid determination of seed quality traits from individual soybean plants or from very small seed lots.
Previous studies have noted the importance of careful sampling when analyzing seed protein and oil content on an individual plant basis, as seed protein and oil concentrations are not uniform throughout the soybean plant. Huskey et al. (1990) found higher oil and lower protein concentrations in seeds from the middle third of the soybean plant when compared to seeds from the upper and lower thirds of the plant. Collins and Cartter (1956) found that seeds from the lower half of the plant were about 0.5% higher in oil and 1% lower in protein than seeds from the upper half of the plant. Bennett et al. (2003) also found higher oil and lower protein content in seeds from the bottom of the plant when compared to seeds from the top of the plant. When analyzed by node rather than by region, there is a linear increase in seed protein content from lower to upper nodes of the soybean plant (Bennett et al., 2003; Wilcox, 1993a, 1993b) , along with a linear decrease in seed oil content from lower to upper nodes (Bennett et al., 2003) . Since nodal variation in protein and oil content appears to be a relatively common occurrence, it is important to sample all seeds from an individual plant when determining protein and oil concentration on an individual plant basis (Collins and Cartter, 1956; Wilcox, 1993a, 1993b; Huskey et al., 1990) .
Sample size also becomes important when sampling seed gathered from many plants, as seed lot heterogeneity for protein and oil has been noted. Krober et al. (1945) determined that protein and oil diff erences among 30-g samples of a highly uniform soybean lot were of only "slight signifi cance," while Huskey et al. (1990) found that protein and oil concentration among individual seeds of the cv. Forrest had standard deviations of 29.6 g kg -1 and 18.4 g kg -1 , respectively. Due to the large seed lot heterogeneity found in their study, Huskey et al. (1990) determined that a sample of 3505 seeds would be required for a mean error limit of 1 g kg -1 protein at a confi dence level of 95%, assuming a destructive analysis.
Perten Instruments has recently designed a 20 g breeder's cup for use in scanning small seed samples with the Perten DA 7200 NIRS. Th is cup size is large enough to allow analysis of all seeds from a single average-sized soybean plant. Th is study was designed to assess the accuracy and repeatability of whole soybean seed protein and oil estimation with this cup in comparison to a 300 g "large" cup, standard for the instrument. Our objectives were to (i) determine whether the breeder's cup would provide the same average protein and oil estimates as the large cup, (ii) identify any diff erences in scan-to-scan error between cup sizes, (iii) determine whether any scan-to-scan error could be overcome by multiple scans of the same sample, and (iv) determine whether sample heterogeneity aff ects large and breeder's cups diff erentially due to diff erences in sample size.
MATERIALS AND METHODS
Seed lots of 10 soybean varieties and unreleased lines with a range in protein and oil concentrations, seed size, and pedigrees were used to approximate the range in seed qualities that many breeding and physiology research projects may encounter. Th e chosen lines consisted of commercial varieties Asgrow 0803, Asgrow 2107, and Pioneer 91M61, Univ. of Minnesota variety 'Lambert', a non-nodulating isoline of 'Chippewa' soybean, and fi ve lines from the Univ. of Minnesota soybean breeding project (M98-133-20012, M98-297066, M98-308044, M98-324017, and M99-333017) . Seed size, protein concentration, and oil concentration for the 10 seed lots ranged from 0.0830 to 0.2430 g seed -1 , 372 to 521 g kg -1 , and 138 to 212 g kg -1 , respectively. Near infrared spectroscopy analysis for protein and oil was performed with a Perten DA 7200 Feed Analyzer (Perten Instruments, Stockholm, Sweden). Four sample cups diff ering in diameter and capacity were used: a "large" cup measuring 14 cm in diameter with 300 g capacity, a "medium" cup (7.5 cm, 90 g), a "small" cup (6 cm, 50 g), and a breeder's cup (6 cm, 20 g). Th e large and medium cups were constructed of aluminum painted black, while the small cup was a disposable 59 mL polystyrene condiment cup (P200, Solo Cup Co., Highland Park, IL). Th e breeder's cup was a Tefl on prototype developed by Perten for use in scanning small seed samples, as the light-neutral nature of Tefl on refl ects little light on its surface.
Study 1 was initiated to investigate whether analysis of soybean seed with the breeder's cup approximated the analysis of soybean seed with the large cup. A subsampling design was used, and the reference sample for this study was a 300g sample of each seed lot. Reference protein and oil values for the 10 seed lots were fi rst obtained by taking the mean of eight sequential repacked scans in the large cup. Each reference sample was then randomly split into 3, 6, or 15 subsamples for scanning in the medium, small, and breeder's cups, respectively. Each subsample was scanned four times with repacking in its respective sample cup, and subsamples were bulked to reconstitute the reference sample between cup size changes. Th e large and medium cups are rotated by the NIR instrument during analysis, while the small and breeder's cups are kept stationary during analysis. To provide greater scan accuracy with the small cup and the breeder's cup, an average of two spectral scans was registered for samples scanned with those cups, as recommended by Perten Instruments.
A follow-up experiment, Study 2, was conducted to measure the repeatability of large cup and breeder's cup scans both with and without repacking. Th e reference sample of each seed lot was fi rst scanned 10 times in the large cup without repacking, and each reference sample was then scanned 50 times in the large cup with a repack between each scan. A random 20-g subsample was then taken from each reference sample and scanned 10 times in the breeder's cup without repacking, followed by 100 subsequent scans in the breeder's cup with a repack between each scan. Th e scanning of samples both with and without repacking allowed us to estimate the relative contributions of sample heterogeneity and machine error to variation in protein and oil values returned by the NIR machine.
Results of the NIR scans of both experiments were subjected to ANOVA using the GLM procedure of SAS v. 9.1 (SAS Institute, 2002) . Th e hierarchal data structure in Study 1 required that subsamples and scans be treated as nested variables. Data from both experiments were also subjected to a subsampling bootstrap simulation in R-web (Banfi eld, 2007) to determine the distribution and rate-of-decay of error from the NIR and sampling (Politis and Romano, 1994) . Variation due to the eff ect of soybean seed lot was removed by subtracting the mean seed lot oil or protein content from the original observations. Th e resulting residuals were then subsampled at n = 50, 20, 10, 5, 4, 3, 2, and 1. For each sample size, the residuals were averaged and recorded. Th e process of subsampling and computing averages was iterated 10,000 times. Th e means were plotted on a histogram to determine the distribution of the residuals, and standard deviations of the means at each sample size were computed. Histograms for these data showed a normal distribution, and standard errors of the means decayed at a rate of 1/√(n), indicating that the formula 1.96s/√n would reliably predict the 95% confi dence limits for the mean for any number of scans (n) given the standard deviation estimate (s) from the raw data. Variance and associated standard deviations were also calculated from the raw data within and among seed lots for each cup size, repacking protocol, and trait combination in the second experiment. By dividing the variance of the nonrepacked samples from those that were repacked and subtracting from one, the percentage of the variance that was due to the rearrangement of seeds within the cup was estimated, and expressed as the percentage of variation due to repacking error. Regression analysis was performed with Systat for Windows version 10.2 (Wilkinson, 2002) .
RESULTS
From the ANOVA for Study 1 (Table 1), we determined that cup size does not aff ect mean protein value (P = 0.12), but mean oil values were aff ected by cup size (P < 0.0001) without a corresponding seed lot × cup size interaction. Table  2 shows mean protein and oil values by cup size across all seed lots. Th e breeder's cup provided estimates for protein that were nearly identical to that of the large cup, but it allowed overestimation of oil by about 4 g kg -1 . Th e ranges in biases by seed lot were -2.9 to 6.8 g kg -1 for protein, and 2.6 to 6.7 g kg -1 for oil (data not shown). Overall, the eff ect of seed lot far outweighed other eff ects, as 97% of the total sum of squares for both protein and oil was apportioned to seed lot.
Th e oil ANOVA for Study 1 (Table 1) indicates a significant sample within cup (sample [cup]) eff ect, and a two-way seed lot × sample [cup] interaction. Th e two-way interaction was present in the protein analysis as well. Th is is a result of randomly dividing the reference sample into smaller subsamples for analysis in each of the smaller cups. A signifi cant sample [cup] eff ect suggests that variation due to seed lot het-erogeneity may create a large "sampling error" across all seed lots. Due to the two-way interaction noted here, it is likely that this sampling error is not consistent across seed lots for either protein or oil.
As sample heterogeneity appeared to play a role in decisions about design of sampling and analysis protocols, we set out to examine sample heterogeneity in more depth. In Study 2, we examined sample heterogeneity by comparing standard deviations of repeated scans without repacking the sample vs. repeated scans with repacking each time. We found very large standard deviations for both protein and oil when sequential, repacked scans of the breeder's cup were employed (Table 3) . Analogous values for the large cup were less than half of those for the breeder's cup. Th e average standard deviation for sequential, nonrepacked scans of the large and breeder's cups were 1.4 and 1.1 g kg -1 for protein and 1.4 and 1.0 g kg -1 for oil, respectively. Th erefore, cup size had little eff ect on scan-to-scan error (nonrepacking).
Th e total variance due to error of NIRS estimation is equal to the sum of repack variance plus variance due to other factors including electronic noise, measurement drift, and diff erences in particle sizes (in ground samples) (Mark and Workman, 1986) . In this study, repacking the sample was responsible for 98 and 95% of total variance noted within seed lots in the breeder's cup for protein and oil, respectively (data not shown). In the large cup, repacking error was responsible for 83 and 56% of the total variance within seed lots for protein and oil, respectively. Since our bootstrap analysis showed that standard errors of the mean for both the large cup and breeder's cup are normally distributed, we were able to calculate the number of repeated scans necessary to reduce the 95% confi dence limits of breeder's cup scans to 2.0 and 5.0 g kg -1 . Th e resulting values are shown in Table 3 . While there were large seed lot diff erences, reaching the same confi dence interval required seven and eight times the number of repeated breeder's cup scans than large cup scans for protein and oil, respectively. On average, fi ve sequential, repacked scans of the large cup reduced oil standard error to 2 g kg -1 for the large cup; however, 42 rescans of the repacked breeder's cup were required to reach the same standard error. Analogous values for protein were 12 and 88 rescans, respectively.
DISCUSSION
Th e instrument used in this study uses a rotating platter that scans the entire surface area of the specially designed seed cups (the large and medium cups) that hold 300 and 90 g of seed, respectively. Th e manufacturer states that the scanned area for these two cups is 108 and 44 cm 2 . Th e scanned area of the two smaller cups (small and breeder's) is much smaller (28 cm 2 each) due to the small surface area of the cups. Additionally, these cups do not rotate on the platter and so represent a static fl ash of the surface of the cup. Th e diff erences in scanned area between the breeder's cup and the large cup appear to aff ect both the accuracy and precision of protein and oil predictions.
Our analysis identifi ed that cup size did aff ect estimates of oil concentration, with the breeder's cup overpredicting oil by approximately 4.3 g kg -1 when compared to the large cup. It is clear that a mathematical bias should be introduced into the oil calibration used for this study for the breeder's cup, as doing so will improve the oil predictability of the breeder's cup. Whether this bias is universally required or is specifi c to the seed calibration used here could not be determined from this study.
We discovered a very large standard error for soybean samples that were repacked between scans. We determined that a large proportion of this error was due to the act of repacking, while little was due to simple scan-to-scan error. Th e repacking error was much larger in the breeder's cup than the large Table 3 . Scan-to-scan standard deviation values for both large and breeder's cups where samples were either nonrepacked or repacked. Also indicated are the number of sequential scans with repacking required to meet either 2 or 5 g kg -1 confidence limits. cup. Seed sample heterogeneity undoubtedly played a large role in this eff ect, based on Huskey et al. (1990) who examined 241 individual soybean seeds from a single seed lot and found ranges in protein and oil concentration from 320 to 520 g kg -1 and from 165 to 255 g kg -1 , respectively. In our study, with an average seed size of 0.18 g seed -1 , 113 and 1 690 seeds were required to fi ll the breeder's and large cups, respectively. However, the amount of seed scanned within a given cup changes depending on seed size, and seed size diff erences were correlated with diff erences in protein and oil standard errors. When the breeder's cup was used, there was a small positive association between seed size and standard deviation of both protein and oil means [r 2 = 0.25 and 0.27, respectively (Fig. 1A) ]. As shown in Fig. 1B , the positive association between seed size and standard deviation of oil means was stronger when the large cup was used (r 2 = 0.77), although there was also a negative association between seed size and standard deviation of protein means (r 2 = -0.34). Th ese results indicate that seed size, and therefore number of seeds scanned, did play a role in apparent "sampling error" in this study.
Large cup
It seems that diff erences in sample heterogeneity, as described by Huskey et al. (1990) for a single variety, played a role in the large range in standard error diff erence by seed lot. Seed lots examined here were chosen expressly for genotypic variation. Th e exact environments where these seed lots were produced are unknown, and it is unknown whether seed lots represented bulking of smaller seed lots across years or locations. Th erefore, diff erences in heterogeneity among seed lots for protein and oil concentration are expected.
CONCLUSIONS
A mathematical bias may need to be included into the calibration equation to account for the signifi cant bias toward overprediction of oil concentration by the breeder's cup relative to the large cup. A large standard error for both protein and oil concentration was discovered for subsequent repacked scans of an individual sample. Th is error was nearly three times as large for the breeder's cup as the large cup, but can be overcome by averaging sequential scans with repacking each time. Th e breeder's cup requires seven to eight times the number of sequential scans as the large cup to realize the same confi dence limit.
We determined that approximately 100 whole soybean seeds can be evaluated for protein and oil concentration using the breeder's cup and a Perten DA 7200; however, larger standard errors, due primarily to sample heterogeneity, may be evident. Th is error can be overcome by repeated scans with repacking, resulting in protein and oil measurements equal in precision to measurements made with the large cup. To ensure accurate predictions, the breeder's cup should only be used when limited seed supply necessitates its use, such as for protein and oil analysis of seed from individual soybean plants.
